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ABSTRACT

The sol-gel method is employed in developing micro and nanoscale porous
materials. This method produces highly customizable chemical structures, using a simple
synthesis process. The potential of using such technology in synthesizing drug delivery
mechanisms, bioceramics, and biocompatible polymers has resulted in the widespread use
of the sol-gel process in biomedical applications. A sol-gel with a highly controlled pore
structure can be loaded with a wide range of active ingredients for use as a controlled drug
delivery mechanism. As such applications require high accuracy and precision, there is a
need for quality control measures in large batch monolith synthesis to ensure adequate
ingraining and active ingredient retention within the pore structure. This thesis
characterized the mechanical properties of silica sols during an early development phase,
called aging, to determine the conditions suitable for efficient active ingredient retention.
The mechanical properties of acid catalyzed silica sol-gel were studied at various aging
times to determine whether retention of active ingredient within the pore structure changes
as a result of changes in aging time and gel stiffness. There was a significant positive
relationship between aging time up to 270 minutes after gelation and gel stiffness.
However, the efficiency of active ingredient retention within the pore structure of a model
compound, an organic pesticide, was not significantly correlated to stiffness in the aging
time frame measured in this study. The change in stiffness over an aging time of 0 to 270
minutes after the gelation phase did not have a significant impact on the performance of
this gel for retention of the representative model active ingredient application. Thus, the
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efficiency of active ingredient loading within the sol-gel pore structure is not altered by
aging times within 4.5 hours after gelation and changes in the mechanical properties of
increasing stiffness and decreasing hysteresis in that same timeframe.
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PREFACE

Broad Objective and Specific Aims
Maintaining quality control during the bulk synthesis of sol-gels is essential for
achieving uniform material characteristics. It is especially important to achieve a consistent
cross-linking density and pore structure for acid catalyzed silica sol-gels to encapsulate
active ingredients. These structural parameters can shift during aging, and inadequate
control can alter functionality related to the storage of active ingredients within the pore
structure.
The broad objective of this thesis is to characterize the mechanical properties and
active ingredient retention of silica sol-gels as a function of varied aging time. This
objective will be achieved through two separate aims.
Aim 1) Measure the relationship between mechanical properties of sol-gels (such
as stiffness and hysteresis loss) and aging time. It is hypothesized that increasing aging
time has a relationship with increasing stiffness of acid catalyzed silica sol-gels.
Aim 2) Measure the relationship between mechanical properties of sol-gels and the
retention of active ingredients within the pore structure. It is hypothesized that active
ingredient retention is correlated with increasing stiffness of acid catalyzed silica sol-gels.

Organization
This thesis is organized into two chapters. Chapter 1 includes a brief foundation of
sol-gel science to introduce the chemical process used in the synthesis of sol-gels and a
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general overview of mechanical properties commonly used to characterize the behavior of
sol-gels. Chapter 2, presented in manuscript format, includes experimental work involving
the synthesis of acid catalyzed sol-gels with varying aging times, measurement of
mechanical properties (stiffness, hysteresis loss behavior), and measurement of active
ingredient retention.
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CHAPTER ONE
BACKGROUND

Sol-Gel Science
Sol-gel science is a material synthesis method centered around two reactions,
hydrolysis and condensation. During the hydrolysis reaction, the sol forms as a colloidal
suspension of a connected network of particles by Van der Waals forces and hydrogen
bonding. During the condensation reaction, these particles cross-link by covalent and
coordinate bonding to form a wet gel [1,2]. Several factors affect the rates of these reactions
such as pH, water to precursor molar ratio (R-value), type of precursor, and doping agents
[3].
Hydrolysis:

Si(OR)n +H2O → (OR)n-1SiOH + ROH

(Eq. 1)

Condensation:

-Si-OH + -Si-OH → -Si-O-Si- + H2O

(Eq. 2)

The hydrolysis reaction (Eq. 1) takes place when the unreacted monomers in an
alkoxide, for this thesis, a silicon alkoxide react with water and create Si-OH groups.
Alkoxide and water are immiscible and require a mutual solvent such as alcohol to
homogenize the system [4]. Additionally, the alkoxide water reaction is extremely slow
and generally requires a catalyst. An acid or base can be used as this catalyst, as the rate of
the hydrolysis reaction increases as the pH moves away from 7 [5]. The type of catalyst
used has a direct impact on the microstructure of the resultant gel (FIG. 1.1). An acid
catalyzed silica sol-gels will result in linear structures with minimal branching which cross-
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link to form a gel, whereas base-catalyzed gels form clusters of branches and offshoots that
aggregate to form a gel [1].

FIG. 1.1: The effect of pH on chemical structure (adapted from Danks et.al., 2016 [2])
While the hydrolysis reaction takes place, the condensation reaction (Eq. 2) and
alcohol condensation take place simultaneously. These simultaneous reactions result in the
conversion of the unreacted monomer into a colloidal suspension or sol. The dominant
reaction can be dictated by controlling the pH [1]. At a pH of between 7 and 10, the rate of
the condensation reaction is significantly greater than the hydrolysis reaction as shown in
FIG. 1.2. Thus, balancing the pH of the reaction allows one reaction to be dominant, and
allows the sol-gel formation to take place in phases rather than simultaneously.
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FIG. 1.2: Effect of pH on hydrolysis and condensation reaction rates (adapted from
Siouffi et.al. 2003 [6])
Another significant factor in the reaction rates of the hydrolysis and condensation
is the R-value. Stoichiometrically, four water molecules are required for complete
hydrolysis of a silicon alkoxide (tetravalent alkoxide) [1]. Increasing the R-Value increases
the amount of available water molecules, and thus reduces gelation time. However,
increasing water concentration also has a dilution effect on the solution, and an R-value
greater than 5 again increases the gelation time, as shown in FIG. 1.3.

FIG. 1.3: Effect of R-value on gelation time (adapted from Innocenzi, 2016 [1])
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The amount of time spent in the hydrolysis phase in relation to the time spent in the
condensation phase has a large impact on the gel molecular structure. In an acid based
medium, the hydrolysis reaction takes place more rapidly than the condensation reaction
[7]. Under these conditions, large condensed silicate polymers are formed, and dry to lowdensity particulate gels [8]. At increased temperatures, the relationship curve between
hydrolysis time, and gelation time becomes compressed and gelation is achieved at a
quicker rate [9]. The gel that forms as a result of this process is capable of entrapping
substances within its pore structure. Thus, inorganic or organic molecules can be loaded
into the gel for a range of applications [10].

Material Testing
Sol-gel materials, similar to hydrogel materials, have viscoelastic (time-dependent)
mechanical behavior due to the interconnected polymer network developed during material
synthesis [4,11]. This time-dependent behavior is commonly characterized in either the
frequency domain, as represented by dynamic mechanical analysis, or in the time domain,
as represented by uniaxial/ biaxial loading at varied strain rates [11].
Testing in the frequency domain captures the lag in the stress response to applied
strain and yields data related to the storage modulus representative of elastic behavior and
loss modulus representing viscous behavior under the applied loading condition (e.g.
tension, shear). This testing can be applied to viscoelastic liquids or solids, which provides
information related to the changing viscosity of sol-gel materials during the gelation phase.
Testing in the time domain can be performed at quasi-static conditions (i.e. a fixed rate of
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displacement or loading) or modified to assess creep behavior (apply a fixed stress and
measure strain response) or relaxation behavior (apply a fixed strain and measure stress
response) [11,12]. This testing yields load and displacement data that can be used to
calculate stress-strain and various parameters characterizing the material strength (e.g.
failure strength (σf)), stiffness, and viscoelastic behavior (e.g. hysteresis loss, creep).
Hysteresis loss evident during loading and unloading captures residual displacement due
to elastic deformation that is not fully recovered during the loading cycle and provides a
measure of material toughness and resilience [12,13]. Testing in the time domain requires
only basic mechanical testing techniques and can be performed using specimens with
defined geometry or constraints (e.g. confined compression).
Indentation testing using a spherical indenter is particularly effective for ease of
sample preparation, maintaining sample hydration throughout testing, and minimizing
edge defects at the indenter material interface [12].
References
[1] Innocenzi, P. (2016). From the Precursor to a Sol. SpringerBriefs in Materials, 7–25.
https://doi.org/10.1007/978-3-319-39718-4_2
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CHAPTER TWO
EFFECT OF AGING TIME ON STIFFNESS IN ACID
CATALYZED SILICA SOL-GELS

Introduction
The diversity of sol-gel materials comes from the highly customizable chemical
structure that serves as the framework of these materials [1]. This framework can provide
a highly controlled pore structure suitable for loading with a wide range of active
ingredients and is used as controlled drug delivery mechanisms [2,3,4]. This control over
the structure, paired with the simplicity of the synthesis process, has resulted in the
widespread use of the sol-gels in biomedical applications [3,4].
The sol-gel process involves two reactions. First, the conversion of the unreacted
monomers into a colloidal suspension through hydrolysis and condensation. Second, the
conversion of a sol into an integrated gel network through condensation. Altering the pH
of the solution can control the rates at which the hydrolysis and condensation reactions take
place [5,6]. In standard silica sol-gels, hydrolysis occurs more rapidly at high or low pH
values, thus an acid or base can be used as a catalyst. An acid catalyzed first phase or
hydrolysis phase results in the formation of linear structures with small branching [7]. The
condensation reaction facilitates polymerization between these structures and expands the
size of the cross-linked structure [8].
In acid catalyzed silica sol-gels, silica cross-linking is the defining factor in the
structure and properties of a sol-gel during synthesis and drying [9,10]. Hydroxyl groups
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attached to the silicon atoms interact to produce polymer chains of Si-O-Si. A solid gel is
achieved after clusters scattered throughout the sol are bonded together within a crosslinked structure [11]. This reaction does not stop once the wet gel is formed, as a large
number of hydroxyl groups still exist and cross-linking continues to take place long after
gelation. This process, known as aging, begins to take place after the wet gel forms [12].
The continued cross-linking occurring within the chemical structure during the aging
process alters the mechanical properties of the monolith sol-gel. The loss modulus and
modulus of elasticity increase by orders of magnitude during aging and lead to syneresis
and progressive strengthening and stiffening of the sol-gel [12]. Therefore, mechanical
properties of the sol-gel material in the gelation phase are related to the gel’s chemical
structure. Studying the relationship between mechanical properties and aging time for
specific sol-gels may provide an indirect measure of cross-linked structure and pore size.
In sol-gel applications that mandate precise active ingredient loading and release,
such as drug delivery, it is essential that the pore structure functions within the desired
efficiency range. However, in previous studies [8,9], gelation and aging time is a
recognized factor in the synthesis process, but the classification of gelation/aging time is
an arbitrary measure. Gelation is commonly measured by a visual change in phase as the
gel forms [9,13]. This may introduce a large amount of variability to the gel synthesis
process, especially in large batch processing.
This thesis proposes the use of stiffness testing during gelation and aging as a nondestructive quality control measure during the early stages of acid catalyzed silica sol-gel
production. Extrapolating loading efficiency of active ingredients from simple measures of
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gel stiffness would enable quality control during the synthesis process rather than after the
process has been completed. This offers the potential for reducing errors and conserving
resources in mass production and commercialization of such sol-gel materials.
The purpose of this study was to measure the mechanical properties of acid
catalyzed silica sol-gels and their impact on active ingredient loading and retention. The
relationship between aging time and mechanical properties was measured to determine the
relationship between increasing aging time and stiffness. It was hypothesized that
increasing aging time is a significant factor affecting the stiffness of acid catalyzed silica
sol-gels. The efficiency in loading active ingredient within the pore structure was measured
in gels with different stiffnesses to determine whether variations in stiffness were
correlated to the loading efficiency. It was hypothesized that active ingredient efficiency
correlates with increasing stiffness in acid catalyzed silica sol-gels.

Methods
Sol-gel Synthesis
All samples tested in this study were synthesized using the same chemical
formulation and were prepared as monoliths in 50 ml centrifuge tubes. The sol-gel
synthesis was defined over two phases. The hydrolysis phase and the condensation phase
involving both gelation and aging. During the hydrolysis phase, 56.5% tetraethyl
orthosilicate (TEOS) by volume of total solution (including hydrolysis and condensation
reactants) was used as the metal alkoxide precursor and was diluted in 23.7% ethanol
(EtOH) by volume and 2.73% DI water by volume [7]. These values were utilized to
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maintain a water to precursor molar ratio (R-value) of 1 during the hydrolysis phase. The
hydrolysis reaction was initiated by adding, 1.82% 0.25 M oxalic acid by volume as a
catalyst [14]. The solution was vortexed until well mixed and placed in a 70 °C water bath
(FIG. 2.1). This phase was allowed to proceed for 60 minutes, after which the sol was
removed from the water bath and cooled to room temperature for 10 minutes.
The condensation phase was initiated by adding 1.14% 0.1 M NaOH by volume to
increase the pH, along with 12.44% water by volume to bring the R-value to 4. The pore
structure of the sol-gel was stabilized by adding 1.65% by volume of the pyrogen
polyethylene glycol (PEG) [14] (Table 2.1). The solution was vortexed once more and then
the condensation phase was allowed to proceed in a 70°C water bath during which time a
majority of the cross-linking bonds were formed and the state of the sol changed from
liquid to gel. The gel point occurred after 150 minutes from the start of the condensation
phase. The gelation/aging phase included this initial 150 minutes plus 12 aging times
ranging from 0 minutes to 330 minutes after gelation in 30-minute increments. The sample
size includes 36 gel monoliths with 2 to 4 gels synthesized for each of the 12 aging time
increments. Following gelation and aging, the gels were stored at -15.5 °C to inhibit further
hydrolysis or condensation before further testing.
Table 2.1: Sol-gel reactants at each phase of gel synthesis
Hydrolysis
Reactants
% by volume
TEOS
56.5
EtOH
23.7
0.25 M Oxalic acid
1.82
Water
2.73

Condensation
Reactants
% by volume
PEG
1.65
0.1 M NaOH
1.14
Water
12.44
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FIG. 2.1: Acid catalyzed sol-gel synthesis process
Preliminary Mechanical Testing
Various material testing methods, including dynamic mechanical analysis,
compression testing, and indentation testing, were explored during preliminary testing of
the sol-gel material. Indentation testing using a spherical indenter mounted on to a
universal test frame mechanical testing system produced the least intrinsic noise and the
most consistent results. This setup yielded load-displacement data with respect to a loading
and unloading ramp that could be preprogrammed to perform the tests.
As sol-gel materials in the gel phase behave like viscoelastic materials, various test
parameters were explored to determine the test setup for capturing the key material
characteristics. Testing was conducted with various loading rates (1 g/s, 0.5 g/s, 0.1 g/s),
maximum loads (10 g, 30 g, 50 g, 70 g, 100 g), and dwell times at maximum load (0 s, 30
s, 60 s, 120 s). The loading type was also assessed with respect to displacement controlled
loading or load controlled loading to determine which type yielded the least noisy data.
Two different load cells with different ranges (22 N and 9.8 N) were also evaluated to
ensure that the load cell operated within the appropriate range for typical material behavior.
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Based on this preliminary testing, load-displacement curves were most consistent using a
loading rate of 0.5 g/s under load control up to a maximum load of 50 g and a dwell time
of 0 s.
Stiffness Testing
The mechanical behavior was measured using a confined indentation test [15] with
the gel monolith remaining in the 50 ml centrifuge tubes to avoid disruption of the crosslinked matrix. The gel was mounted onto a mechanical testing system (ElectroForce 3200,
TA Instruments, 159 Lukens Dr., New Castle, DE) using custom fixtures (FIG. 2.2). A 4
mm spherical indenter was attached to a 9.8 N load cell and manually positioned to within
2 mm of the gel surface using the fine adjustment stage (FIG. 2.3). Testing was completed
in load control, with a loading profile consisting of a triangular waveform with a 0.5 g/s
ramp up to a load of 50 g and then a 0.5 g/s down ramp to 0 g. Load-displacement data was
recorded in time increments of 0.2 seconds. The gel was tested at room temperature under
normal humidity conditions [16]. Before testing, the monoliths were allowed to warm to
room temperature (20°C ± 2°) in a 25°C water bath for 13.5 minutes and the gel surface
was hydrated with 100 μL of 90% EtOH solution to prevent drying during testing.
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Load Cell

Spherical Indenter

Monolith Wet Gel

FIG. 2.2: Full material test setup

FIG. 2.3: Material test setup

The stiffness of the gel sample was calculated from the slope of the linear region of
the load-displacement curve (FIG. 2.4) [17]. Specifically, stiffness was the ratio of the
change in load between the 30 g and 50 g load magnitudes during the loading phase and
the change in displacement and had units of mN/mm (Eq. 1). The linearity in this region
was verified using linear regression to determine the goodness of fit (r-squared).
Stiffness = Change in load/ Change in displacement
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Eq. 1

60

Load (g)

50

Stiffness

40
Loading

30
20

Unloading

10
0
0

0.1

0.2

0.3
0.4
0.5
Displacement (mm)

0.6

0.7

0.8

FIG. 2.4: Representative load/displacement profile with the slope of the linear region
of loading curve measured as stiffness
Hysteresis loss was observed consistently in loading and unloading curves of the
load-displacement data obtained during indentation testing of silica sol-gel samples (FIG.
2.5). Further raw data load-displacement profiles are presented in appendix A-1. To
calculate the hysteresis loss of each sample, the trapezoid rule was applied to calculate the
area under the loading and unloading curves. The area under the unloading curve was
subtracted from the area of the loading curve to determine the area between the curves
(Appendix A-2, A-3).
Qualitative data was collected from individual gels, including the presence of gel
fracture during testing, visual assessment of surface imperfections, and subjective brittle
behavior observed as shatter patterns during the breaking and drying of the monolith after
testing. Samples that fractured during testing were not utilized in hysteresis analysis as
fracture is plastic deformation and the energy dissipated during fracture cannot be
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recovered during unloading. Fracture was observed in samples across the different aging
times and appeared related to the surface imperfections as opposed to gel properties.
342 mN/mm

1511 mN/mm

60
50

Load (mN)

40
30
20
10
0
0

0.2

-10

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

Displacement (mm)

FIG. 2.5: Low hysteresis loss at 342 mN/mm and high hysteresis loss at 1511 mN/mm
Active Ingredient Retention
Following mechanical testing, one gel from each of the 0, 60, 120, 180, 240, 270
minute aging time increments was loaded with active ingredient (AI). The monolith was
manually broken into smaller pieces at room temperature and stirred well to maximize the
exposure of the gel surface area. The active ingredient, a well-known pesticide (indoxacarb
DuPont de Nemours Inc.), was dissolved in acetone and added to the broken gel such that
the dry weight mass was 10% active ingredient. The mixture was then dried in a vacuum
chamber overnight at room temperature until no moisture remained. This caused the
acetone and ethanol in the pore structure to escape and caused the pores to collapse trapping
the active ingredient within. The dry gel was dry milled with 10 mm, 5 mm, and 3 mm
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balls in a planetary ball mill (Pulverisette 6, Fritsch-international) then wet-milled using 1
mm beads in the same planetary ball mill [18] to achieve a mean particle size of 400 nm.
The particles were washed thrice in nanopore water to remove any excess active ingredient
that was not retained in the pore structure. At this point, the sol-gel pores were considered
loaded with the active ingredient. The particles were then washed with methanol to dissolve
the active ingredient and cause the active ingredient to escape rapidly from the gel
structure. The mixture was centrifuged and the supernatant consisting of methanol and
active ingredient was extracted. Absorbance of the supernatant was measured in a
spectrophotometer (UV 1600 PC, VWR) set at a wavelength of 308 nm normalized to
methanol. Based on absorption, at this wavelength the indoxacarb concentration was
quantified by using the extinction coefficient of 37.3 ml/mg. Three measurements were
obtained from each sample and averaged to account for potential gradients within the
supernatant. The amount of active ingredient retained in the pore structure was compared
to the amount of active ingredient loaded into the wet gel before drying to determine the
percent efficiency of the gel for retaining the active ingredient (Eq. 2).
% efficiency = (active ingredient retained / active ingredient loaded) x 100

Eq. 2

Data Analysis
A total of 36 gel monoliths were mechanically tested and 6 gel monoliths were
loaded with the active ingredient as tested for efficiency. Data analysis included aging time
as the independent variable and stiffness, hysteresis loss, and active ingredient retention as
the dependent variables. Subjective variables included the presence of gel fracture during
testing, visual assessment of surface imperfections, and subjective brittle behavior
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observed as shatter patterns. Samples tested after longer aging times (240, 270, 300, 330
minutes) included only two gels per time increment and were not included in the statistical
models, as equal variation could not be verified with a sample size of 2. All data analysis
was performed in Excel (version 16.4, Microsoft Office) and Minitab (version 19, Minitab)
software. Statistically, the analysis included analysis of variance (ANOVA) and linear
correlation to test the hypothesis that increasing aging time is a significant factor affecting
the stiffness of acid catalyzed silica sol-gels and that variations in stiffness were correlated
to the loading efficiency. All statistical analyses are presented in appendix B.

Results and Discussion
Stiffness Based on Aging Time
The mean stiffness of this acid catalyzed silica sol-gel increased with each
increment of increasing aging time (Table 2.2). There was a significant linear relationship
between aging time and gel stiffness in the range of 0 to 210 minutes of aging (Data fitting
with a linear regression line) (FIG. 2.6, 2.7). Variations in stiffness magnitudes were
uniformly distributed across all aging times (Bartlett’s test, p=0.573). The data fit a linear
regression (Eq. 3) equivalent to a 4.72 mN/mm increase in stiffness per minute of aging.
Y= 4.72 x + 130.47

Eq. 3

Aging time was a significant factor affecting gel stiffness (ANOVA, p=0.002), increasing
from 108.5 mN/mm to 1287 mN/mm as aging time increased from 0 minutes to 210
minutes after gelation. The mean stiffness of sol-gels that aged for 210 minutes was
significantly higher than the mean stiffnesses of sol-gels aged for 0, 30, and 60 minutes
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(Tukey’s test). Additionally, there was a strong positive correlation between the stiffness
and aging time from 0 to 210 minutes (Pearson’s correlation, correlation= 0.771).
Table 2.2: Summary of stiffness vs. aging time data
Aging Time
(min)
0
30
60
90
120
150
180
210

N

Mean Stiffness
(mN/mm)
108.5
240
441
688
703
830
789.1
1287

3
4
3
3
3
4
4
3

Standard Deviation

95% CI

145.5
211
209
386
207
476
157.3
343

(-246.1, 463.0)
(-67, 547)
(86, 796)
(334, 1043)
(349, 1058)
(523, 1137)
(482.1, 1096.2)
(932, 1641)

1800
1600

Stiffness (mN/mm)

1400
1200
1000
800
600
400
y = 4.7219x + 130.47
R² = 0.5946

200
0
0

50

100

150

200

250

Aging Time (min)

FIG. 2.6: experimentally measured and calculated stiffness of silica sol-gels plotted as a
function of aging time
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FIG. 2.7: Sol-gel stiffness versus aging time for all samples tested
When the full data set included all test samples, the positive linear relationship
persisted for aging times up to 330 minutes (FIG. 2.6). The slope of the linear relationship
in FIG. 2.6 is 4.72 which is similar to the 4.87 slope shown in FIG. 2.7. This small increase
in slope may be due to noise present in the added data. Alternatively, this increase in slope
may indicate that the relationship is not linear and in fact, possesses an exponential
relationship. Greater aging times longer than 330 minutes are needed to fully understand
the relationship between stiffness and aging time over longer durations.
These data mirror the mechanical testing results for similar silica sol-gels reported
by Brinker et. al [12] and are consistent with altered stiffness resulting from a change in
gel structure due to particle aggregation and the rearranging of bonds taking place during
the aging process. These data support the claim that the molecular structure of the gel is
becoming more cross-linked as aging time increases, as that the relationship can be
modeled using a positive regression line. The method utilized has also proven to be a non-
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destructive, easy to perform, benchtop test that can be easily incorporated into the
production of the sol as a quality control measurement tool.
Hysteresis loss Based on Stiffness
The relationship between hysteresis loss and stiffness follows an exponential decay
function over the stiffness range of 275 mN/mm to 2889 mN/mm (FIG. 2.8). The GaussNewton iterative method was used to fit data points with the exponential curve (Eq. 4) and
the residuals were independent but were not normally distributed and did not have equal
variances across stiffness. A clear tunneling effect was observed amongst the residuals,
with lower stiffness sol-gels having significantly higher variability than higher stiffness
sol-gels (FIG. 2.8).
Y= 16.5 * exp (-0.000995 * X)

Eq. 4

Gel samples with low stiffness displayed high hysteresis loss and ductile behavior.
Ductile behavior was visualized qualitatively as deforming and reforming after fracture or
disturbance to the gel. On the other hand, samples with high stiffness displayed low
hysteresis loss and more brittle behavior. These samples had behavior closer to glass as
was visualized as a shattering during the breaking and drying of the monolith prior to
loading the active ingredient. Previous studies analyzing hysteresis in hydrogel materials
found that high hysteresis loss is a property of tough materials, whereas low hysteresis loss
is a property of resilient materials [19,20]. Thus, lower stiffness in these acid catalyzed
silica sol-gels are consistent with ductile tough materials, and high stiffness is consistent
with brittle resilient materials.
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FIG. 2.8: Hysteresis loss as a result of stiffness
Active Ingredient Retention Based on Stiffness
The six gel samples tested for active ingredient retention had aging times ranging
from 0 to 270 minutes and stiffness ranging from 13 mN/mm to 1501 mN/mm. Percent
efficiency of active ingredient retention was not significantly correlated to gel stiffness
(Pearson’s correlation coefficient 0.301, with a 95% confidence interval of -0.676 to 0.894,
and a p-value of 0.563). Similarly, there was no significant correlation between active
ingredient retention and aging time (FIG. 2.9). The active ingredient was retained within
the pore structure with approximately the same efficiency throughout the entire range of
stiffness and aging time studied. This indicates that although the cross-linking of the gel
changed with aging time, this change was not significant enough to cause the pores within
the molecular structure to collapse or be unable to retain the active ingredient.
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FIG. 2.9: Gel stiffness and efficiency of active ingredient retention across 6 aging times.

Conclusion
This study characterized the mechanical properties and active ingredient retention
of acid catalyzed silica sol-gels as a function of varied aging time. The relationship between
the mechanical properties of the sol-gels (such as stiffness and hysteresis loss) and aging
time has been measured, along with the relationship between mechanical properties and
active ingredient retention within the pore structure. From these data, this study aimed to
correlate changing mechanical properties with aging time, and determine if these properties
can be used as indicators for optimal conditions of active ingredient loading.
There was a positive linear relationship between increasing stiffness of acid
catalyzed silica sol-gels and aging time. However, active ingredient retention was not
correlated with increasing stiffness of acid catalyzed silica sol-gels within the stiffness
range of 13 to 1501 mN/mm. Thus, a change in aging time on the order of minutes or even
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hours does not have a significant impact on the performance of this acid catalyzed silica
sol-gel for active ingredient retention applications. Due to these findings, the efficiency of
active ingredient loading is resistant to changes in chemical cross-linking in the range
measured in this study. Stiffness may still be useful alongside other measures as an
indicator for gel performance. However, a larger range of aging times and stiffness must
be explored to determine when aging time impacts the active ingredient efficiency of this
acid catalyzed silica sol-gel.
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Appendix A
Raw Data
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Figure A-1: Loading unloading curves for batch 4 categorized according to condensation
time in hours.
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Figure A-2: load-displacement data displaying hysteresis loss at two different stiffness
values.
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Figure A-3: Hysteresis loss calculation according to the trapezoid rule presented in
graphical format with a gel displaying high hysteresis and a gel displaying low hysteresis.
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Appendix B
Data Analysis and Graphs
Pearson’s Correlation Aging Time and Stiffness
Pearson’s Correlation is used to determine if there is a correlation between Aging time
and gel stiffness. It is hypothesized that there is a positive correlation between the two
variables.
Hypothesis:
Ho: There is no correlation between gel stiffness and aging time
Ha: There is a positive correlation between gel stiffness and aging time
α = 0.05
Correlations:
Stiffness
(mN/mm)

Aging Time (min)
0.771

Pairwise Pearson Correlations:
Sample 1
Stiffness
(mN/mm)

Sample 2
N Correlation 95% CI for ρ P-Value
Aging Time 27
0.771 (0.553, 0.890)
0.000
(min)

Figure B-1: Correlation: Aging Time (min), Stiffness (mN/mm)
Conclusion:
Reject the null hypothesis at an alpha value of 0.05 and conclude that there is a positive
correlation between gel stiffness and aging time
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Regression Analysis: Stiffness (mN/mm) versus Aging Time (min)
Line fitting was performed on the data points of stiffness at various aging times and a
linear regression line was fitted to the data.
The regression equation is
Stiffness (mN/mm) = 130.5 + 4.722 Aging Time (min)
Model Summary:
S
R-sq
277.466 59.46%

R-sq(adj)
57.84%

Analysis of Variance:
Source
DF
SS
MS
F
P
Regression 1 2822711 2822711 36.66 0.000
Error
25 1924689 76988
Total
26 4747400

Figure B-2: fitted line plot of Aging Time (min) vs. Stiffness (mN/mm)
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Bartlett’s Test for Equal Variances: Stiffness (mN/mm) versus Aging Time (min)
Hypothesis:
Ho: All variances are equal for stiffness values at various aging times
Ha: At least one variance is different
α = 0.05
95% Bonferroni Confidence Intervals for Standard Deviations:
Aging Time
(min) N StDev
CI
0 3 145.477 (60.572, 2600.34)
30 4 211.071 (98.255, 1599.73)
60 3 208.935 (86.993, 3734.62)
90 3 385.554 (160.532, 6891.60)
120 3 206.956 (86.170, 3699.25)
150 4 476.075 (221.616, 3608.23)
180 4 157.264 (73.207, 1191.92)
210 3 343.208 (142.900, 6134.70)
Individual confidence level = 99.375%
Tests:
Method
Bartlett

Test Statistic
5.72

35

P-Value
0.573

Figure B-3: 95% Bonferroni Confidence intervals for standard deviations of stiffness
at various aging times.
Conclusion:
Fail to reject the null hypothesis at an alpha value of 0.05 and accept that All variances
are equal for stiffness values at various aging times.
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One-way ANOVA, and Tukey’s test: Stiffness (mN/mm) versus Aging Time (min)
Hypothesis:
Ho: All means are equal for stiffness at various aging times
Ha: At least one mean is different
α = 0.05
Equal variances were assumed for the analysis
Factor Information:
Factor
Aging Time (min)

Levels Values
8 0, 30, 60, 90, 120, 150, 180, 210

Analysis of Variance:
Source
Aging Time
(min)
Error
Total

DF Adj SS
7 3111423

Adj MS
444489

19 1635976
26 4747400

86104

F-Value P-Value
5.16
0.002

Model Summary:
S
R-sq
293.435 65.54%

R-sq(adj)
52.84%

R-sq(pred)
31.29%

Means:
Aging Time
(min)
N Mean StDev
95% CI
0
3 108.5 145.5 (-246.1, 463.0)
30
4 240 211 (-67, 547)
60
3 441 209 (86, 796)
90
3 688 386 (334, 1043)
120
3 703 207 (349, 1058)
150
4 830 476 (523, 1137)
180
4 789.1 157.3 (482.1, 1096.2)
210
3 1287 343 (932, 1641)
Pooled StDev = 293.435
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Grouping Information Using the Tukey Method and 95% Confidence:
Aging
Time
(min)
N Mean Grouping
210
3 1287 A
150
4 830 A B
180
4 789.1 A B
120
3 703 A B
90
3 688 A B
60
3 441
B
30
4 240
B
0
3 108.5
B
Means that do not share a letter are significantly different.
Tukey Simultaneous Tests for Differences of Means:
Difference Difference
SE of
of Levels
of Means Difference
30 - 0
132
224
60 - 0
332
240
90 - 0
580
240
120 - 0
595
240
150 - 0
722
224
180 - 0
681
224
210 - 0
1178
240
60 - 30
201
224
90 - 30
448
224
120 - 30
463
224
150 - 30
590
207
180 - 30
549
207
210 - 30
1046
224
90 - 60
247
240
120 - 60
262
240
150 - 60
389
224
180 - 60
348
224
210 - 60
846
240
120 - 90
15
240
150 - 90
142
224
180 - 90
101
224
210 - 90
598
240
150 - 120
127
224

95% CI
(-627, 891)
(-479, 1144)
(-232, 1391)
(-217, 1406)
(-37, 1481)
(-78, 1440)
(367, 1990)
(-558, 960)
(-311, 1207)
(-296, 1222)
(-113, 1293)
(-154, 1252)
(287, 1805)
(-564, 1059)
(-549, 1074)
(-370, 1148)
(-411, 1107)
(34, 1657)
(-797, 826)
(-617, 901)
(-658, 860)
(-213, 1410)
(-632, 886)
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T-Value
0.59
1.39
2.42
2.48
3.22
3.04
4.92
0.90
2.00
2.07
2.84
2.64
4.67
1.03
1.10
1.74
1.55
3.53
0.06
0.63
0.45
2.50
0.57

Adjusted
P-Value
0.999
0.852
0.286
0.260
0.070
0.099
0.002
0.983
0.507
0.468
0.142
0.200
0.003
0.963
0.950
0.666
0.770
0.038
1.000
0.998
1.000
0.255
0.999

180 - 120
86
224
210 - 120
583
240
180 - 150
-41
207
210 - 150
456
224
210 - 180
497
224
Individual confidence level = 99.69%

(-673, 845)
(-228, 1395)
(-744, 662)
(-303, 1216)
(-262, 1257)

0.38
2.43
-0.20
2.04
2.22

1.000
0.281
1.000
0.485
0.383

Figure B-4: Tukey’s 95% confidence intervals to determine significantly different
mean stiffness.

Figure B-5: Interval plot of stiffness Vs. Aging time.
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Figure B-6: Summary of residual plots of stiffness.
Conclusion:
Fail to reject the null hypothesis at an alpha value of 0.05 and accept that all means are
equal for stiffness values at various aging times. Tukey’s 95% confidence interval
indicates that the mean stiffness at an aging time of 280 min is significantly greater than
the mean stiffnesses at the aging times 0 min, 30 min, and 60 min.
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Graphical summary of the residual data
Hypothesis:
Ho: The residuals of the Stiffness Vs. Aging time data are not normally distributed
Ha: The residuals of the Stiffness Vs. Aging time data are normally distributed
α = 0.05

Figure B-7: Summary Report of stiffness residuals.
Conclusion:
We reject the null hypothesis and accept that the residuals of the Stiffness Vs.
Aging time data are normally distributed.
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I-MR Chart of RESI
Hypothesis:
Ho: The residuals of the Stiffness Vs. Aging time data are in control
Ha: The residuals of the Stiffness Vs. Aging time data are not in control
α = 0.05

Figure B-8: I-MR control chart of residuals.
Conclusion:
We fail to reject the null hypothesis and accept that the residuals of the Stiffness Vs.
Aging time data are in control, as no data points fall outside the control limits.
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Correlation: Aging Time (min), Stiffness (mN/mm), Efficiency (%)
The correlation between three variables (aging time, stiffness, and active ingredient
loading efficiency) are measured to determine if there is a correlation between either
aging time or stiffness and active ingredient retention efficiency.
Hypothesis:
Ho: There is no correlation between Active ingredient retention efficiency and aging time
Ha: There is a correlation between Active ingredient retention efficiency and aging time
Ho: There is no correlation between Active ingredient retention efficiency and stiffness
Ha: There is a correlation between Active ingredient retention efficiency and stiffness
α = 0.05

Figure B-9: Pearson’s correlation plots of stiffness, efficiency, and aging time.
Method:
Correlation type
Pearson
Number of rows used 6
ρ: pairwise Pearson correlation
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Correlations:
Aging
Time Stiffness
(min) (mN/mm)
0.998

Stiffness
(mN/mm)
Efficiency (%) 0.343

0.301

Pairwise Pearson Correlations:
Sample 1
Stiffness
(mN/mm)
Efficiency (%)

Sample 2
Aging Time
(min)
Aging Time
(min)
Efficiency (%) Stiffness
(mN/mm)

N Correlation
6
0.998

95% CI for ρ
(0.981, 1.000)

P-Value
0.000

6

0.343

(-0.649, 0.903)

0.506

6

0.301

(-0.676, 0.894)

0.563

Conclusion:
We fail to reject the null hypothesis and accept that there is no correlation between
either aging time or stiffness and active ingredient retention efficiency.
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